L-Asparagine is necessary and sufficient for the maximal induction of ornithine decarboxylase (ODC) (Lornithine carboxy-lyase, EC 4.1.1.17) activity in confluent N18 mouse neuroblastoma cells in a salts/glucose medium; L-asparagine also induces maximal ODC activity when added to a tissue culture medium. L-Glutamine is about one-half as effective as asparagine. Cholera toxin and agents that are known to raise intracellular cyclic AMP concentrations have no effect on the induction of ODC activity unless suboptimal concentrations of asparagine are present in the salts/glucose medium. Whereas actinomycin D does not inhibit induction of ODC activity by asparagine, it inhibits the induction of ODC activity in association with cyclic AMP. In the salts/glucose medium, the rate of loss of ODC activity following the inhibition of protein synthesis by cycloheximide or puromycin depends upon the presence or absence of asparagine; loss is rapid only in the absence of asparagine and does not appear to be related to the inhibition of protein synthesis. These results are discussed in the context that the overlay of the growth medium tends to mask the minimal requirements for enzyme induction, because the composition of the medium defines: (a) the requirements for the induction of ODC activity; (b) the effect, orlack of effect, of cyclic AMP (and of inducers of intracellular cyclic AMP) on the induction of ODC activity; (c) the effect, or lack of effect, of actinomycin D on the induction of ODC activity; and (d) the action of puromycin and of cycloheximide on the rate of loss of ODC activity. It will be interesting to determine whether these results are uniquely applicable to ODC, whether many of the reactions attributed to cyclic AMP in the literature may be mediated by asparagine and glutamine, and whether actinomycin D, cycloheximide, and puromycin can be relied upon to differentiate between transcriptional and post-transcriptional control.
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Most studies on enzyme induction, including our own, especially in relation to ornithine decarboxylase (ODC) (L-ornithine carboxy-lyase, EC 4.1.1.17), have relied heavily on the use of cell cultures in incubation media of varying complexity or on the use of whole animals (1) (2) (3) . Such studies tend to provide answers that are modified either by the overall physiology of the cell as affected by the complexity of the medium or by the inherent complexity of the animal as modified by any additional conditions of imposed environmental and experimental stress. For example, when enzyme induction by hormones is being determined in a cell culture, if the hormones have differential positive and negative effects on the transport of various substances, the effectiveness or noneffectiveness of a hormone in inducing an enzyme activity will be completely dependent upon the composition of the medium.
In order to minimize such extraneous influences, we induce ODC activity in confluent N18 mouse neuroblastoma cells in a minimal salts/glucose medium. Under these conditions, the addition of L-asparagine is necessary and, at optimal concentrations, sufficient to induce maximal ODC activity and to maintain it for at least 12 hr. When protein synthesis is inhibited by cycloheximide or puromycin in the presence of L-asparagine, the rate of loss of ODC activity is extremely slow (t1/2 = 200-400 min). In contrast, removal of L-asparagine results in a decay of ODC activity with t1/2 = 12-15 min. Prostaglandin El plus isobutylmethylxanthine, dibutyryl cyclic AMP, or cholera toxin (an irreversible activator of adenylate cyclase) will induce ODC activity only in the presence of suboptimal concentrations of L-asparagine.
It is proposed that studies on the molecular mechanism of action of hormone control and of enzyme induction in intact cells would be greatly facilitated by the use of such minimal salts/glucose media. These media may provide a means of defining the factors that are essential to the phenomenon under study, as well as their mode of action. They should also help define the mechanism by which the progressively increased complexity of the medium brings into play additional reactions that modify the basal phenomenon. They were then washed with two 5-ml portions of the salts/ glucose medium at 370 and placed in 5 ml of the same test medium to which was added 10-20 ,Al of the various experimental additives, dissolved in saline (time zero). (PGE1, IBMX, and Act D were dissolved in dimethyl sulfoxide; in these cases control samples with 1-2 Ml of dimethyl sulfoxide were included and were invariably found not to affect ODC activity.) ODC Assay. At the designated time after induction, the test medium was decanted and the cells were washed with ice-cold phosphate-buffered saline. They were scraped off the dish with a rubber policeman, suspended in 0.8 ml of assay buffer (0.1 mM EDTA/50 MM pyridoxal phosphate/5 mM dithiothreitol/50 mM Tris-HCl, pH 7.2 at 370), freeze-thawed twice, and centrifuged at 12,000 X g for 10 min. ODC activity was determined in the supernatant fluid (5) . Protein concentration was measured with bovine serum albumin as standard (6) .
MATERIALS AND METHODS
Sodium Dodecyl Sulfate/Polyacrylamide Gel Electrophoresis. The crude enzyme extract for ODC assay was used for sodium dodecyl sulfate gel analysis. To 100,Ml of extract was added 25 Ml of sodium dodecyl sulfate solution which contained 10% sodium dodecyl sulfate, 40% (vol/vol) glycerol, 10% (vol/vol) 2-mercaptoethanol, and 0.005% pyronin T as tracking dye. Samples were heated at 1000 for 3 slab gel. The linear gradient slab gel was made as previously described (7). After electrophoresis, the gel was stained overnight with 0.025% Coomassie blue in 25% (vol/vol) 2-propanol and 10% (vol/vol) acetic acid. Destaining was achieved by immersion in 0.0025% Coomassie blue/10% 2-propanol/10% acetic acid for 3 hr followed by 10% acetic acid. Tritiated polypeptide bands on the gel were detected by the fluorographic method of Bonner and Lasky (8) .
RESULTS The basal cellular ODC activity in confluent N18 neuroblastoma cells can be enhanced more than 500-fold by 10 mM Lasparagine in a salts/glucose medium ( Fig. 1) . Of the naturally occurring amino acids (alanine, arginine, aspartic acid, asparagine, cysteine, glutamic acid, glutamine, glycine, histidine, proline, isoleucine, leucine, lysine, methionine, ornithine, phenylalanine, serine, threonine, tryptophan, tyrosine, and valine), all tested individually at 10 mM in this minimal medium, asparagine was the most significant inducer of ODC. L-Glutamine was about 1/2 as effective, while glycine, serine, and proline were about 1/'o to '/20 as effective (Fig. 1) . None of the other naturally occurring L amino acids induced ODC activity under these conditions. No ODC activity could be elicited subsequent to addition of cycloheximide (50 ,g/ml) at zero time, in the presence of asparagine or glutamine. We have used asparagine predominantly in these studies; however, the results described below can also be reproduced qualitatively with glutamine, although it is a less effective inducer.
Most of our studies have been performed in a minimal medium, commercially available in sterile form as Earle's balanced salt solution. However, various experiments have indicated that the induction of ODC activity by L-asparagine can also be demonstrated, although to a lesser extent (to about 1/2-1/5), in glucose-supplemented phosphate-buffered saline. Fig. 2A shows the time course of induction of ODC activity in the salts/glucose medium by addition of 10 mM asparagine. The induction generally achieved plateau values in 6 hr, remained at this level for another 6-8 hr, and then slowly declined. As can be seen from this figure, the presence of Bt2cAMP, fetal calf serum, cholera toxin, or PGEI+IBMX does not induce ODC activity in this medium in the absence of asparagine (or glutamine); consequently asparagine (or glutamine) is an essential inducer of ODC activity. These results can be contrasted to those shown in Fig. 2B . These indicate that the low level of ODC activity that is induced by Dulbecco's medium with its complex composition (it also contains 3.3 mM glutamine, which only partially induces ODC activity in a salts/glucose medium; Fig. 1 ), can be stimulated by cholera toxin to levels of total ODC activity equivalent to the level obtained when 10 mM asparagine is added to the salts/glucose medium ( Fig. 2A) or to Dulbecco's medium (Fig.  2B) . Fig. 2B also shows that the induction of ODC activity by asparagine or by cholera toxin in Dulbecco's medium yields curves that emphasize a rapid decay of ODC activity after maximal induction, in contrast to the sustained ODC activity induced by asparagine in the salts/glucose medium. We have verified Bachrach's observation (9) that a similar level of ODC activity can be induced in Dulbecco's medium if fetal calf serum or PGE1+IBMX are added. We have also found that addition of 10 mM glutamine (in the absence of PGE1+IBMX) to Dulbecco's medium induces ODC activity to a level comparable to that obtained when PGE1+IBMX are added to Dulbecco's medium (results not shown).
The ODC activity of neuroblastoma cell N18 cells maintained in a salts/glucose medium remains inducible by 10 mM asparagine, at rates identical to the rate shown in Fig. 2 , for periods up to at least 10 hr. A series of curves, parallel to the curve shown at zero time in Fig. 2A , is obtained under these conditions; these curves are not presented for lack of space. Fig. 3 indicates that in the salts/glucose medium: (a) the induction of ODC activity by Bt2cAMP or by PGE1+IBMX is completely dependent upon the presence of asparagine; (b) in the presence of limiting concentrations of asparagine, Bt2cAMP or PGE1+IBMX have a synergistic effect on the induction of ODC activity; (c) in the presence of optimal concentrations of asparagine, Bt2cAMP or PGE1 + IBMX do not further induce ODC activity. Qualitatively similar results have been obtained (but are not shown) with cholera toxin in the presence of various concentrations of L-asparagine. In accord with the curve of ODC induction in the salts/glucose medium, the enzyme assays were performed at 4 hr after the additions were made; however, similar results were obtained at 2 and 3 hr. Consequently, we may conclude that these stimulatory effects of cAMP on the induction of ODC activity are asparagine-dependent and that cAMP is completely replaceable by high concentrations of asparagine; furthermore, the effects establish a distinctive role of asparagine (and of glutamine) in the induction of ODC in this system. The effects of cAMP therefore appear to be related to a "facilitation" of ODC induction by an asparagine-dependent reaction. Fig. 4A shows the typical induction curve of ODC activity that is obtained in the presence of 10 mM asparagine, and its control, showing the lack of any ODC activity in the absence of asparagine. Samples removed during various times, under these two experimental conditions, were assayed for the rate of DNA, RNA, and protein synthesis. The general conclusions are: (a) in the salts/glucose medium, neuroblastoma cells are metabolically active for at least 8 hr; (b) the induction of ODC is not associated with an increased rate of incorporation of precursors into DNA, RNA, and protein (c) the rates of precursor incorporation into RNA and DNA, after an initial fall up to 2 hr, appear to remain constant for the ensuing 6 hr. In addition, cell viability, as determined by the trypan blue exclusion test, indicated that more than 90% of cells were viable after 14 hr in the salts/glucose plus 10 mM asparagine medium, while in the salts/glucose medium (minus asparagine) cell viability was about 80% after 14 (3, 10, 12) . Table 2 shows that the short t1/2 of ODC (in the order of 12-15 min) is only obtained when asparagine is removed from the medium. This short t1/2 is unaffected by the presence of cycloheximide or puromycin if these are added to an asparagine-free medium. However, if asparagine is retained in the medium, cycloheximide or puromycin gives t 1/2 values of the order of 400 min after 4 hr of induction and of 200 min after 8 hr of induction. We find the t 1/2 of ODC activity in Dulbecco's growth medium in the presence of cycloheximide to be 60 min; a previously reported value was 66 min (13) .
As noted, when cycloheximide is added with asparagine at zero time; it inhibits the induction of ODC activity. In keeping with this and the results of Table 1 , we may therefore conclude: (a) in the presence of cycloheximide (or puromycin), the further induction of ODC activity by asparagine is inhibited; (b) protein synthesis is not required for the maintenance of the existing level of ODC activity, but maintenance is more related to the presence of asparagine; (c) the t1/2 of ODC as normally defined, by the decay in enzyme activity subsequent to the NI, activity was not induced under these conditions (see Fig. 2 ). * ODC activity is the 4-hr time point taken from the time activity curves of induction of ODC activity under various conditions. In the salts/glucose medium, Act D slightly enhances ODC activity at 2 hr and in general does not inhibit ODC activity for a period of at least 5-6 hr under conditions where uridine incorporation is more than 97% inhibited. ODC activity is expressed in nmol CO/hr per mg of protein; each number in the table represents the averages of at least two experiments with duplicate samples. Act D added was 5 Ag/ml. inhibition of protein synthesis, will vary depending upon the composition of the medium.
Cycloheximide does not destroy the ability of these cells to be induced by asparagine. If cells are exposed to cycloheximide of 40 ug/ml for 1 hr and the cycloheximide is then removed, they still can be induced with 10 mM asparagine to normal levels of ODC activity (9200 cpm versus control 9500 cpm). Consequently, the effects of cycloheximide are reversible when the cells are exposed for short periods of time to cycloheximide.
With longer periods of exposure to cycloheximide, the t1/2 values of 200 and 400 min (Table 1 ) obtained in the face of the decreased metabolic processes and general cell deterioration that occurs in the presence of cycloheximide and puromycin emphasize the ability of asparagine to maintain ODC activity under adverse metabolic conditions. It is probable that in this minimal medium this slow loss of ODC activity in the presence of cycloheximide or puromycin closely follows the rate of functional deterioration of the cell. These results suggest that in the presence of optimal concentrations of asparagine in this minimal medium, ODC activity is as perishable as the cell. (10) . The underlying explanation of the modification of the actinomycin D effect by the composition of the medium remains to be elucidated.
It should be clearly noted that this discussion is in terms of "ODC activity" and no correlation with amount of ODC can be made. Such studies will have to await the availability of completely reliable methodology for such a determination.
It is interesting to note here that in the salts/glucose medium the inhibition of protein synthesis by cycloheximide or puromycin is not in itself enough to cause a rapid decay in ODC activity but rather it is dependent on the presence of asparagine.
At this stage, although it is early to say that intracellular ODC activity in animals or in cultured cells depends solely on the presence of asparagine (or glutamine), the data obtained from N18 neuroblastoma cells in salts/glucose medium and our unpublished data with mouse leukemic cells and 3T3 fibroblasts strongly suggest that the "stabilizing" effect by asparagine (or glutamine) is a general phenomenon.
The particular role of asparagine remains to be elucidated. The correlation between this amide, the surface glycoproteins, and cellular activity (20) , the suggestion that the amide groups of aspartic and glutamic acids may be involved in the process of aging of proteins (21) , and the essential role that asparagine appears to play in the metabolism of cancer cells (22) 
